An ultrafast terahertz ͑THz͒ source has been employed to study the nonlinear response of semiconductors to near-half-cycle femtosecond pulses in the THz regime. We report nonlinear absorption and self-phase modulation of the THz pulses associated with ultrafast impact ionization processes and the development of an electron cascade on femtosecond time scales by THz pump-THz probe measurements.
I. INTRODUCTION
Intense terahertz ͑THz͒ radiation provides a new means of controlling material properties through manipulation of charge carriers, dipoles, or vibrational degrees of freedom, with applications to all-optical switching technology, THzbiased devices, and materials processing. With wavelengths in the far infrared, near-half-cycle THz pulses can be thought of as ultrafast electric or magnetic-field pulses which turn on and off on times orders of magnitude faster than that achieved through standard electronics. Although THz radiation has been widely used as a noncontact probe of sample properties, the interaction of intense far-infrared pulses with matter is just beginning to be explored. [1] [2] [3] [4] [5] New sources of ultrashort high-field pulses have been developed in both the laboratory 6, 7 and at accelerator-based settings, 8, 9 providing unique opportunities to investigate and direct the properties of materials under high-field conditions.
Intense THz pulses typically interact with materials through three basic mechanisms. With photon energies of a few meV, THz fields may resonantly drive vibrational or electronic states in molecules, nanostructures, and bulk solids. The nonlinear responses of these excitations reveal, for instance, lattice vibrational anharmonicity 3 and the dynamics of excitonic polarization. 4 Alternatively, there exist nonresonant excitation mechanisms at high intensities, in analogy to the optical excitation and breakdown phenomena observed in transparent materials under intense optical fields. 10, 11 For example, the large ponderomotive energies associated with high-field THz pulses ͑proportional to 2 ͒ can modify the interatomic potential such that electrons tunnel into the continuum with high probability. [12] [13] [14] [15] Finally, free carriers can be accelerated in THz fields, leading to free-carrier absorption and, in the limit of high THz fields, the development of impact ionization processes, [16] [17] [18] [19] in which a cascade of secondary electron generation occurs in the applied field. [20] [21] [22] In this paper we study THz nonlinear absorption and self-phase modulation ͑SPM͒ associated with impact ionization processes induced by intense femtosecond THz fields. By THz pump-THz probe measurements, we time resolve the electron-electron scattering and ionization processes, corresponding to real-time measurement of the first steps in the optical breakdown of transparent materials.
II. THz NONLINEAR ABSORPTION IN InSb
We employ a z-scan technique to study the nonlinear THz transmission through undoped indium antimonide ͑InSb͒ samples. High-field THz pulses are generated using a setup ͑Fig. 1͒ similar to that described in Refs. 7 and 23-25. A 0.8 mJ, 800 nm, 50 fs pulse is focused by a f = 200 mm lens through a 100 µm type-I beta-barium borate ͑BBO͒ crystal, generating a plasma through ionization of the air, which acts as a nonlinear medium for THz generation by mixing of the fundamental and second harmonic. 26 The collinear emitted 300 fs THz pulse ͓Fig. 2͑a͔͒ is selected out by a crystalline silicon filter and is collected, collimated, and refocused by a pair of 90°off-axis parabolic mirrors onto a 390 m thick, 111-cut InSb wafer. The sample is mounted normally to the THz pulse in a temperature controlled cryostat with polypropylene windows. By scanning the sample through the focus of the THz pulse ͓Fig. 2͑b͒, inset͔ while monitoring the transmitted beam, we directly map out the field-dependent transmission characteristics. The transmitted pulse is then recollected onto a liquid-helium-cooled Si bolometer or measured directly using an electro-optic ͑EO͒ sampling technique. 27 As shown in Fig. 3͑a͒ , we observe a dramatic suppression of the THz transmission near the focus, corresponding to the development of nonlinear THz absorption at high fields. Figure 3͑b͒ shows the extracted absorption coefficient as a function of the peak field of the THz pulse, which is calibrated using electro-optical sampling. The data points within the Rayleigh range ͓z = −2.5 to 2.5 mm, inset, Fig.  3͑b͔͒ are not included in order to avoid complications associated with interference effects 28 and the Gouy phase shift, 29, 30 near the focus. These nonlinear absorption effects are not observed in larger band-gap materials such as gallium arsenide ͓GaAs, Fig. 2͑b͔͒ or silicon.
Far from the focus, in the linear absorption region, the dominant THz absorption mechanism is free-carrier absorption from thermally-excited carriers. Other absorption mechanisms are negligible because the THz photon energies lie far below the band gap or lattice absorption modes 31 ͑the band gap of InSb is roughly 56 times larger than the energy of a 1 THz photon͒. The transmittance of the incident THz pulse in this region can then be calculated using a Drude model, 32 in which the complex frequency-dependent dielectric function ⑀͑͒,
is related to the free-carrier density N by the plasma fre-
where m e ‫ء‬ is the effective electron mass, e is the electron charge, ⑀ 0 and ⑀ ϱ are the dielectric constant and the relative dielectric constant for infinite frequencies, respectively, and is the electron-scattering time constant. The contribution of holes is negligible as the heavy-hole effective mass in InSb is 29 times larger than that of the electrons. Since the plasma frequency p lies within the THz spectrum, the transmittance is sensitive to changes in the free-carrier concentration. At 77 K, the free-carrier concentration of the sample is 1.1ϫ 10 14 cm −3 , corresponding to p / 2 = 0.2 THz. From ⑀͑͒, we can calculate the THz transmission including losses from both reflection and sample absorption. The THz transmission as a function of the sample temperature ͓circles, Fig. 4͑a͔͒ in this region agrees well with the Drude model calculation ͓solid line, Fig. 4͑a͔͒ . As the sample is moved closer to the THz focus ͑the nonlinear absorption region͒, the drop in transmission can then be understood as a result of the generation of free carriers by the THz pulse. This may occur through impact ionization processes driven by the leading edge of the THz pulse and subsequent free-carrier absorption by the trailing edge along with the following small amplitude oscillation of the THz waveform. The validity of this model is checked in four different ways: ͑1͒ Measurement of the temperature dependence of the observed nonlinearity; ͑2͒ Comparison of observed data to models of the impact ionization process in the THz field; ͑3͒ THz pump-THz probe measurements with independent pump and probe beams; and ͑4͒ electro-optic sampling measurements of the induced pulse reshaping associated with free-carrier generation during the THz pulse.
From the temperature dependent z scans, the THz-induced change in free-carrier concentration ͑⌬N͒ can be simply estimated by measuring the change in transmission, under the zeroth order approximation that the entire THz waveform experiences the absorption of the newly generated free carriers. As a function of temperature, it is shown in Fig. 4͑b͒ that the absolute change of the free carrier density ͑circles͒ increases with temperature, or equivalently, with the base free-carrier density ͑solid line͒, as expected from a fieldinduced impact ionization model. The strong dependence on the existing, thermally populated free-carrier concentration supports the interpretation that thermally-generated free carriers act as a seed for the carrier generation process. These results also indicate that Franz-Keldysh tunneling ionization [12] [13] [14] [15] and multiphoton excitation 33 are not the dominant mechanism for free-carrier generation, since one would not expect a strong dependence on the background freecarrier population. We note that while ⌬N increases with temperature, the normalized change ⌬N / N decreases as a function of temperature. This follows as a result of the reduction in the average applied field at high temperatures due ͑Color online͒ ͑a͒ The measured ͑circle͒ and calculated ͑solid line͒ THz transmission as functions of the sample temperature in the linear absorption region, normalized to the transmission at 80 K. ͑b͒ The change in the free-carrier density ͑circles͒ and the calculated background free-carrier density ͑solid line͒ as functions of the temperature. ͑c͒ The free carrier density ͑N 1 ͒ after the THz pulse over that ͑N 0 ͒ before the pulse as functions of the peak field at T = 260 K ͑circle: measured; solid line: calculated͒. d͒ Same as c͒ except at T =80 K.
to free-carrier absorption, giving rise to a depth-dependent field inhomogeneity.
III. MODELING: ULTRAFAST ELECTRON CASCADES
The THz-induced time-dependent free-carrier density N͑t͒ can be calculated from the rate equation
where is the impact ionization rate and f͑E , t͒ is the energy distribution function of the conduction-band electrons. Electron-hole recombination has been ignored since the THz pulse duration is much shorter than the recombination time. 34 We further approximate the conduction-band electron energy E as that given by the ballistic energy gain E b of a free electron in the THz field, i.e., f͑E , t͒Ϸ␦͑E − E b ͒, where
Including the fact that the THz field F͑z , t͒ is depth dependent as a result of free-carrier screening, Eq. ͑2͒ takes the form dN͑z , t͒ / dt = N͑z , t͓͒E b ͑z , t͔͒. After averaging over the sample thickness d, the solution of Eq. ͑2͒ is
We use the formula given in Ref. 35 to calculate the impact ionization rate of InSb, ͑z , t͒ = C͓E͑z , t͒ − E i ͔ 2 ͓E͑z , t͒ − E i ͔, where C Ϸ 7 ϫ 10 50 J −2 s −1 , E i is the ionization threshold field, and ͑x͒ is the Heaviside function. If the ionization rate is a constant, the solution simplifies to the case of impact ionization in a dc electric field, N͑t͒ = N͑0͒e t , as expected. Using these equations, the data taken at 260 K in Fig. 4͑c͒ are well fit with just one adjustable parameter, the THz peak field. Best fit corresponds to a peak field of 33.6 kV/cm at the focus in good agreement with that estimated by the electro-optic sampling technique ͑32 kV/cm͒. Therefore, the delta function approximation of the electron energy distribution provides a simple but intuitive model that well describes the weakly nonlinear interaction case, in which the impact ionization probability within the THz pulse envelope is much less than one. This approximation also can be interpreted as a short-pulse approximation in which the THz pulse duration is short compared to the impact ionization time. In contrast, a deviation of the experimental data from the calculation is evident at low temperatures ͓Fig. 4͑d͔͒, where the reduced field screening and reflection lead to higher average fields within the sample. In this case, the approximation breaks down, i.e., a significant number of impact ionization events occur within the THz pulse so that the delta function cannot represent the electron energy distribution accurately.
IV. THz PUMP-THz PROBE MEASUREMENT
To further investigate the impact ionization dynamics, we conducted a THz pump-THz probe experiment using a 10 Hz Ti:sapphire laser system. A Mach-Zehnder interferometer is added before the lens to form pump and probe channels ͑Fig. 1͒. Two time delayed 800 nm laser pulses then collinearly propagate through the same focusing lens and BBO crystal to generate pump and probe THz fields whose amplitudes are estimated about 32 and 20 kV/cm, respectively. After transmitting through the InSb sample at 80 K, the peak field of the probe THz pulse is monitored by the EO sampling technique as a function of the delay between the pump and probe. To exclude the effects associated with optical interference in the BBO crystal and field screening in the plasma, 36 the on-focus scan is subtracted from the off-focus scan to obtain the changes induced by intense THz fields only. Figure 5 shows that the peak field of the probe THz pulse is reduced by 25% within 1 ps as a result of absorption in the free carriers generated by the pump THz pulses. The field amplitude reduction is slightly larger than the prediction ͑21%͒ from the intensity change in the z-scan measurements. It can be attributed to the fact that the leading edge of the THz pulse does not contribute to the nonlinear absorption in single pulse z-scan measurements. The time resolution in this pump-probe study is limited by the convolution of the duration of pump and probe THz pulses. Nevertheless, the results show that the observed THz-induced impact ionization occurs in less than 1 ps.
V. THz SELF-PHASE MODULATION
In order to resolve the carrier generation process occurring within the THz waveform, we employed a single intense THz pulse as a pump ͑leading edge͒ and probe ͑trailing edge͒ simultaneously. The waveforms of the transmitted THz field ͑Fig. 6͒ are recorded after the sample ͑180 K͒ at a fixed position by an electro-optic sampling technique when the sample is on ͑z = −2.5 mm͒ and off ͑z = −12 mm͒ the focus, corresponding to the high-and low-field conditions, respectively. The time resolution of this measurement is limited by the duration of the probe-laser pulse and the bandwidth of the electro-optic crystal. In addition to the amplitude reduction due to nonlinear absorption, we observe a fielddependent phase shift and pulse broadening arising due to the generation of free carriers. The newly generated free carriers act back on the propagating THz pulse and cause 31Ϯ 5 fs delay at the trailing edge of the pulse. This constitutes the direct observation of self-phase modulation in the THz regime, 5 in analogy to the self-phase modulation experienced by optical pulses propagating in nonlinear media. This effect is not equivalent to the nonlinear cross-phase modulation observed in the interaction of intense THz fields with optical pulses, 9 since the THz nonlinearity originates in the impact ionization process as opposed to the Pockels effect. The emergence of the phase shift at the trailing edge of the THz waveform vividly captures the development of the electron cascade within the THz field.
VI. CONCLUSION
In conclusion, we have observed THz nonlinear absorption and self-phase modulation associated with impact ionization processes driven by high-field THz pulses in semiconductors. The ability to generate THz fields large enough to induce strong nonlinearities enables opportunities in photonics and all-optical switching, in which ultrafast fields are used to control and direct charge-carrier dynamics in devices. This work provides a means of studying opticallyinduced breakdown of materials, a process fundamental to laser-based micromachining or surgery, using controllable and known time-dependent field pulses. It also forms the basis for the development of THz-biased avalanche photodiodes, representing single-photon sensitive detectors with high quantum efficiency and femtosecond resolution, gated by the THz pulse envelope. 
